Chinese steamed bread with chicken, which is a typical Chinese fast food, is popular among consumers. The model simulated a frozen combination consisting of six chicken nuggets and two Chinese steamed breads with the dynamic change of dielectric properties on the turntable. The temperature-dependent dielectric and thermo-physical properties of chicken meat were measured as a function of temperature from −5°C to 95°C. A mathematical model of the dielectric properties, specific heat and thermal conductivity with temperature dependence was inputted in the model as the material parameters. 7.5 rpm was observed to be the optimal rotation speed. Simulated temperature profiles were compared with experimental temperature profiles after 90 s of microwave (MW) heating at 700 W. The simulated results were consistent with the corresponding experimental results. The developed model can be applied in food products to identify the cold and hot spots to ensure quality in terms of temperature uniformity.
Introduction
Chinese fast foods have become increasingly popular in recent years in China due to fast pace of life in modern society, while domestic MW oven becomes popular due to its fast and convenient heating, which has become a favorite appliance to heat/cook frozen meals. Chinese steamed bread (sometimes written as Chinese steamed bun or mantou) is a type of fermented and steamed wheat food with distinctive cultural features. It has been consumed in some parts as a staple food over two millennia, and the popularity is increasing worldwide [1] . It is considered healthy food because of the absence of toxic Maillard reaction products, such as acryl amide and furan, and possible low oil and sodium contents. The relatively low steaming temperature (100°C) during production may render better retention of diverse endogenous and added nutrients than the baked bread [2] . Chinese fast food has many types of combination, and the multicomponent of Chinese steamed bread with chicken is popular among the consumers. However, microwaveable foods are easily perceived as lower-quality food because of the uneven cooking of frozen foods in domestic MWs [3] . Therefore, temperature uniformity is critical to change the negative perception of microwaveable foods and increase the market share of these products.
MW heating offers several distinct benefits, such as increasing throughput and high energy efficiency. However, the MW heating intensity and penetration depth depend on the physical and dielectric properties of the substrate and can vary with temperature, frequency, composition and shape. MW heating may exhibit a certain nonuniformity in the temperature distribution and cause local overheating, which damages the food quality because of hot spots and raises the issue of food safety because pathogenic microorganisms may not be destroyed in cold spots [4] . Recent food-borne illness outbreaks and recalls associated with MW-heated packaged frozen foods have led the food industry to review the development of microwavable food products [5, 6] .
Current methods for designing of foods for MW heating are mostly based on trial and error which is notably time-consuming and expensive. However, the use of computer simulations can enhance the understanding of the interactions between the MWs and the food products and is beneficial for food product developers in designing a microwaveable food product that cooks more uniformly. The MW energy absorbed by the material and heating uniformity may be affected by many factors, such as dielectric properties, thermal properties, physical properties, and the position of foods, whereas experiment alone to optimize the food and package design for uniform heating may not optimal to understand the complex interaction of the food and package with MW energy. Thus, the simulation of a heat transfer model for frozen Chinese fast food MW heating is necessary.
Over the last two decades, computer simulation is becoming a promising tool to understand complex MW heating. It was verified to be an effective tool for studying the effect of various parameters on the heating uniformity in MW heating of products. The simulation of the uniformity of selected materials in temperature fields was investigated, such as agarose gel [7] and mashed potato [8] . However, accurate computer simulation requires information on the dielectric properties of foods as functions of the temperature and electromagnetic wave frequencies. Pitchai, Subbiah, chen et al. investigated the modeling heat transport during MW heating of frozen mashed potato [8] , multicomponent meal (Pitchai, Chen, &Birla, et al, 2014) [9] , frozen heterogeneous meal [10] and frozen food rotating [11] on a turntable. The study showed that multiphysics models could be used to understand the MW interactions and assist the design of food to be more uniformly heated. The updated dielectric properties at each rotational cycle were studied to evaluate the model accuracy and computation time. A drastic difference in dielectric properties of frozen ice and liquid water exacerbates the non-uniform heating of frozen foods heated in a MW oven. Typically, the frozen portion of the food absorbs considerably less MW energy than the thawed portion because the dielectric properties of ice are much lower than those of liquid water [12] . In MW oven, electric field distribution is highly sensitive to changes in the dielectric and thermal properties of foods.
Therefore, the objectives of this work are the following: (1) to develop a simulation model to describe the MW heating process for a selected food material (chicken meat and Chinese steamed bread), (2) to investigate the rotation speed of the turntable on the uniformity of MW heating, and (3) to evaluate the effect of the dynamic temperature-dependent dielectric properties on the model accuracy of the temperature prediction.
Materials and methods

Dielectric properties
Sample preparation
Fresh Chinese steam bread and chicken meat were purchased from a local market in Wuxi, Jiangsu, China. Next, the fresh Chinese steam bread was stored in a refrigerator at −5°C for later experiments. The original moisture content of the bread was 468.3 ± 6.0 g water kg −1 fresh sample, and the initial density was 0.304 g cm −3 . In the same situation, the moisture of the chicken was 732.8 g ± 8.0 g water kg −1 fresh sample.
To adjust the sample moisture content, the bread sample was removed from the refrigerator at −5°C and placed at room temperature. After the sample reached room temperature, 500 g steamed bread was sliced and tiled on the oven trays. After drying, the moisture content of the bread sample was 485. 
Density
The density of the bread was determined by measuring the weight and volume. Bread samples with the initial moisture content were compressed to the shape of a cylinder (diameter = 30 mm; height = 30 mm) to remove air voids before the measurements. The weight of each bread sample was measured using an Analytical Plus electronic balance. By changing the weight of the bread, the density of samples was 304 -3 , 910 -3 , 100 -3 , and 110 -3 .
Thermal physical properties
The thermal physical properties of frozen chicken and bread were measured using the KD2 Pro thermal characteristic analyzer. In the MW heating process, different samples were quickly removed from the MW cavity and put into the heat insulation box, which was made of polystyrene foam board insulation to avoid heat loss. The range of the temperature measurement was −10°C~95°C. The sensor (30-mm type SH-1 double-needle sensor) was vertically inserted into the center of the measurement sample, and the portable controller was used to transmit, process, store and download data. The experiments were performed in triplicates to reduce temperature difference of non-uniformity. . Each moisture content and density were measured in three replicates. The detail measurement is described in Song et al [13] .
Dielectric properties measurement
Effect of the temperature on the dielectric constant of frozen steamed bread and chicken
In this study, the effect of temperature on the dielectric properties is only discussed. The effect of other factors can be found in Song et al [13] .
For the frozen steamed bread with the initial density of 1.2 g cm −2 and the frozen chicken with salt content of 40.0 -1 (w.b.), the dielectric constant and loss factor increased with increasing temperature and moisture content at the frequency of 2450 MHz. Based on the effect of temperature on the dielectric properties, the temperature can be divided into three different temperature ranges: −10~0°C(freezing), 0~5°C (phase transition) and 5~95°C(dissolution). The dielectric properties increased slowly, sharply and linearly. Eq. (1)- (4) are the predicting equations of regression.
where ′ , ″ represent the dielectric constant and loss factor respectively, while T, represent the temperature. Subscript bread, chicken represent the experimental materials for bread and chicken, respectively. e denotes constant ≈2.718. R 2 indicates fitting degree.
Model development 2.2.1 Model assumptions
MW heating is a notably complex process of heat transfer and mass change. Due to the continuous volume heating of the MW, the internal temperature of the sample is continuously increasing, so the internal temperature of the sample is much higher than the surface temperature and a larger temperature gradient is formed. The heat is continuously transferred from inside to outside in the form of conduction. The study investigates the heat transfer characteristics of MW heating for combined samples without considering the moisture change during the heating process.
In the literature, many approaches were followed to simulate the MW and heating of foodstuff. The most common approximations are to consider the matrices of dielectric properties as constants, which enables one to separate the electromagnetic problem from the heat and mass transfer phenomena, since the dielectric properties were taken as not variable with the temperature and moisture content; next, Only transport phenomena in transient systems are considered. The dielectric properties are known to be notably strong functions of temperature, water and ions content of the matrices [14] [15] [16] [17] [18] [19] [20] . Therefore, the dielectric constant is considered as a variable with temperature, the value of the dielectric constant is updated at each turn of the turntable, not only the electromagnetic field and heat transfer module are coupled, but also the mass transfer module is simplified. Through the change of permittivity, the mechanism of mass transfer (water and ion transport) is considered, the model is simplified and the result of prediction is more accurate.
To simulate the heat transfer in the food during MW heating, the following assumptions were considered.
1. The initial temperature of both chicken nuggets and Chinese steamed bread was homogeneous and isotropic.
2. The air in the heating chamber of MW oven could not be compressed and did not change with the increase in heating temperature.
3. The mass and momentum transfer of moisture were not considered.
4. In the heating simulation, no heat transfer was in all areas, except the composite samples.
Governing equations
A successful algorithm of MW Heating is coupled between Maxwell's equations and the heat transfer equation. The electromagnetic energy distribution in an oven cavity is governed by Maxwell's wave form equation (COMSOL, 2017) [21] [22] [23] [24] .
where ⃗ is the electric field intensity in the food ( -1 ); is the frequency of the magnetron (Hz); c is the speed of light (3.0 × 10 8 -1 ); is the electrical conductivity of the food material ( -1 ); ′ , ″ , and are the relative permittivity, dielectric constant, and dielectric loss factor of the food material.
Where in eq. (5), ′ is the real part of permittivity, the imaginary part of permittivity, and ″ indicates the ability of the heated food to convert the MW energy into heat energy. While the loss tangent coefficient of the heated foods can also be expressed as tan = ″ / ′ .In other words, tan indicates the ability of the heated foods to absorb MW energy.
When the heated food is linear isotropic properties.
where in eq. (6), ⃗ , ⃗ , ⃗ , ⃗ are respectively electric flux density vector, magnetic flux density vector, electric current density, magnetic field intensity.
An electromagnetic wave loses its energy while travelling through a lossy dielectric medium such as food. Part of the electromagnetic power is converted into thermal energy in the food. The conversion of electromagnetic energy into thermal energy is proportional to the dielectric loss factor and square of the electric field strength [25] [26] [27] 
where is the dissipated power per unit volume ( -3 ), 0 is the free space permittivity (8.854×10
-12 −1 ), ″ is the dielectric loss factor of the food material.
The dissipative power and the temperature of the heated foods are determined by Fourier Equation:
where is the density of the food material ( -3 ), is the specific heat capacity at constant pressure ( −1 ∘ −1 ), T is the temperature at simulation time t (°C), and k is the thermal conductivity ( −1 ∘ −1 ). Eq. (7) and eq. (8) make the two different physical field -electromagnetic field and temperature field together coupled the heated food by electromagnetic power loss P.
Initial and boundary conditions
The heat transfer equation includes two basic types of boundary conditions: heat flux boundary and temperature boundary. The heat flux was used to describe the input heat flux. Before MW cooking, the initial temperature of the chicken nuggets and bread was maintained at −5°C. The surface of the multicomponent meal exchanged heat with the surrounding air via convection as follows:
where n is the normal to the direction, h is the surface convective heat transfer coefficient (
, and is the room temperature (°C).
Temperature is used to describe a given temperature:
where 0 is the initial temperature of the samples (−5°C). The metallic waveguide and cavity walls are considered perfect electric conductors, and the following boundary condition applies:
where tangential is the electric field intensity in the MW heating chamber.
Geometric model
The geometric model was developed based on a domestic MW oven (Model no: PJ21B-BF; Midea ). The MW feed port was located at the right-sidewall of the cavity. An electromagnetic wave travelled in the TE 10 mode, and the MW frequency was 2450 MHz.
Meshing scheme
Meshing is an important step to obtain reasonable results from the numerical simulation. Various meshing schemes for different domains can be independently performed in the COMSOL Multiphysics 5.1. The MW oven cavity, glass turntable and PETE tray domains were assigned with free tetrahedral elements. Liu et al. (2013) [12] stated that the best finite-element mesh size in a dielectric material for faster computational time and good accuracy temperature prediction at 2450 MHz was related to the free-space wavelength and dielectric constant of food as described in eq. (12) .
where h is the mesh size (mm), and is the free-space wavelength (122.2 mm), According to eq. (12), the best mesh size for chicken nuggets and steamed bread is 4.88 mm and 5.67 mm, respectively. If the operation time is reasonable and the running memory is sufficient, to accurately calculate the results, two samples were selected for more detailed processing. The mesh generation results are shown in Figure 1 . 
Experimental methodology 2.3.1 Sample preparation
The original moisture content of the bread was 468.3 g.kg −1 (w.b.). The chicken was cut into several similar-sized pieces (38 mm × 25 mm × 16 mm), and the blocks were cooked for 30 min in the brine. The sample consisted of six pieces of chicken and two steam bread in a flat box. Sealed with fresh plastic bags, the sample in the flat box was refrigerated at −5°C for at least 24 h.
Experimental validation
The frozen Chinese fast food tray was removed from the freezer and subjected to 90 s of MW heating. The transient temperature at five locations was recorded using fiber-optic sensors (8-channel signal conditioner, FISO Technologies Inc., Quebec, Canada). Three sensors were inserted into the chicken nuggets, and two sensors were inserted into the bread samples (as shown in Figure 2 ) to record the transient temperature profiles during heating. All sensors were at identical locations in the samples in each replication. The fiber sensors may move slightly because of the rotation of the turntable, which may affect the accuracy of the temperature determination. The accuracy of the temperature determination can also be validated using an infrared camera (T440, FLIR systems, USA). The focus of the camera was set in advance, and each measuring distance remained unchanged. After different time lengths of heating, immediately after the MW heating, the temperature of the instantaneous surface and center (cut half quickly after the MW heating) of each part of the sample was used for the infrared camera. The stand-alone software FLIR Thermal CAM TM Researcher v2.9 was used to acquire thermal images of the heated samples. 
Comparison of the rotational speed
The rotational speeds of 5, 7.5 and 10 rpm on a turntable were selected. During the simulation, the rotating disk drove the combined samples to simultaneously rotate, and the effects of different rotational speeds on the simulated temperature were compared. By setting the translational motion displacement of the turntable and samples on the x and y axes, the rotary motion was simulated. When the turntable was counterclockwise, the rotational motion equation of the turntable was
wherer -Glass turntable radius, mm w -Angular velocity of the turntable, rad/s; n -Rotational speed of the turntable, rpm.
Data analysis
The model accuracy was verified by calculating the deviation degree between the simulated temperature and the average temperature at the same time at each position. When the frequency was 2450 MHz, after 90 s of MW heating, the temperature-time curve of the simulation was compared with the experiment, and the mean square error was calculated (Root Mean Square Error; RMS;°C) as follows:
where is the temperature of simulation,°C; is the average temperature of the three repeated experiments,°C .
Results and discussion
Thermal properties
The specific heat capacities and thermal conductivity of the chicken nuggets and bread as a function of temperature from −20°C to 100°C are shown in Figure 3 . In the entire temperature range of −10°C-95°C, the specific heat capacity and thermal conductivity of the frozen steamed bread increased with the increase in density (Figure 3(a) and (b) ). Based on the effect of the temperature on the specific heat capacity of bread, the temperature range was divided into three parts: −10~0°C, 0~50°C and 50~95°C, which shows the trend of sharp increase -decrease -slow increase. Moreover, the temperature was divided into three parts based on the effect of the temperature on the thermal conductivity: −10~0°C, 0~35°C and 35~95°C, which indicates the trend of decrease slowly, following decrease sharply and final increase slowly. The specific heat capacity peak represents the phase transition from freezing to dissolution as show in Figure 3 . For the bread with high moisture content, more heat is required to heat the frozen state than to thaw in the unit temperature. After the thawing completes, the specific heat capacity became stable.
Adding salt in chicken could increase the specific heat capacity and thermal conductivity. Based on the effect of the temperature on the heat capacity of chicken, the temperature range was divided into three parts: −100°C , 0~35°C and 35~95°C, which displays the trend of sharp increase -decrease -slow increase. There were two other parts because of the effect of temperature on the heat conductivity: −10~0°C and 0~95°C, which reveals a trend of significant decrease -slow increase. With the increase of salt and water, the ion concentration in the wet food increased and caused the molecular motion to increase; therefore, the specific heat and heat conductivity increased.
The temperature-dependent regression analysis results and R 2 data of the specific heat capacity and thermal conductivity for Chinese steamed bread (density: 1.100 -3 ) and chicken nugget (added salt: 40.0 -1 (w.b.)) are shown in Figure 3 . The corresponding results are listed in Table 1 . The initial and material properties of computational domains are summarized in Table 1 .
Effect of the rotational speed on simulation results
MW oven designs such as rotating turntables in household MW ovens often result in uniformity. A suitable rotation speed of the turntable is one of the key factors of model optimization. A lower rotation speed of the turntable corresponds to a longer simulation time, whereas a faster rotation speed of the turntable may make the dissipated-power calculation inaccurate. Therefore, an appropriate rotational speed of the turntable must be selected to minimize the simulation time and obtain a better temperature distribution. Thus, the rotational speeds of 5 rpm, 7.5 rpm and 10 rpm were selected. In the simulation, the rotating disk made the combined samples simultaneously rotate, and the effect of different rotational speeds on the simulated temperature is shown in Figure 4 . When the rotary speed of the rotary table was 5 rpm and 7.5 rpm, the transient temperature curves of the chicken (position Sp3) and steamed bread (position Sp5) were similar. When the rotational speed was 10 rpm, the difference in temperature curve was significant (P < 0.05). With 90 s of MW heating, the temperature difference between the chicken and the steamed bread at the speed of 5 rpm and 7.5 rpm did not exceed 2°C and 1.5°C, respectively. However, the temperature difference was greater than 6°C when the speed was 10 rpm. A faster rotary speed corresponds to a greater rotation angle per unit time, which weakens the ability to acquire the actual electromagnetic field changes, and the unit dissipation power calculation is not accurate. Therefore, the rotational speed 10 rpm was not reasonable. In the simulation, the simulation time increased with the decrease in rotary speed. Considering the accuracy of the simulation results and simulation time, the rotating speed of 7.5 rpm of the rotary turntable was selected for the following analysis of the simulation process. Figure 5 shows the spatial temperature field simulation of the Chinese fast food unit after 30 s, 60 s, and 90 s of MW heating at a MW power of 700 W. When the heating time increased, the maximum temperature on the sample surface gradually increased, and the distribution of cold and hot spots was basically consistent. Based on the distribution of temperature field in different heating time, the temperature of the specimen in the middle part of the plate is lower than that of other plates. For example, after MW heating 90 s, the top surface temperature of the chicken in the middle position is 40~50°C,while the lower right corner of steamed bread has a surface temperature higher than 90°C. Figure 5 shows that the surface temperature on the central portion of six chicken pieces and two slices of bread is higher than the surface temperature of the edge. For example, after 60 s of MW heating, the edge temperature of each material is approximately 20°C. This conclusion is consistent with the conclusions of the existing literature, i.e. there is a MW energy center agglomeration effect in the MW heating process. With the increase in MW heating time, the overall temperature of the materials increases, the internal water molecules rapidly transfer from the inside to the outside, and the latent heat of evaporation appears on the surface of the material. The material edge had a larger evaporation latent heat than the central part; therefore, the edge temperature was lower than the center temperature. A comparison of the distribution of cold and hot spots in the simulation results and the experimental results can help to analyze the accuracy of the model space temperature distribution. Figure 5 shows that the distribution of cold and hot spots in the simulation results was consistent with the experimental results. After 90 s of MW heating, the maximum temperature of the simulation model (98.5°C) was close to the maximum temperature of the experimental results (100.2°C). The temperature of the two parts of the center of the plate was low, and the center temperature of the chicken and bread was higher than the edge temperature. The changes in simulated transient temperature and three repeated experiments with time in the center of five samples are shown in Figure 6 . When the MW power of 700 W heated 90 s, in addition to Sp3, the remaining four location of the sample center simulated temperature of more than 85°C, the entire heating process increased overtime . The temperature of the sample center at position Sp3 was only approximately 75°C; The central temperature in the middle of the chicken block slowly increased compared to the late heating. The simulation results of Sp1, Sp2, Sp3 and Sp5 were consistent with the results of three repeated experiments, but there was a certain gap between the simulation and experimental results at Sp4, and the difference decreased during the heating period. The main reasons for the difference in temperature curve of the three repeated experiments were as follows. In the experiment, the measurement error and thermocouple were used to cause the thermal hysteresis; then, the temperature curve of the simulation was not smooth because of two reasons. On one hand, the variation of the electromagnetic field intensity in the MW heating chamber of samples causes the ripple effect; the rotary table drove food to do rotary movement in the change of electromagnetic field. On the other hand, the continuous rotation of the combined samples in the model had the interpolation error: the grid division will change with the sample rotation. The current temperature of the sample field was inserted into the new grid, and the temperature was initialized. These interpolation errors can also cause ripple effects. This conclusion is similar to that of Geedipalli [26] in a potato simulation. The RMSE and temperature difference at the five positions are shown in Table 2 . The range of RMSE value of chicken was 0.43~2.86°C, but the RMSE value of bread was 7.56°C (Sp4) and 1.68°C (Sp5). The reasons for the error of the model simulation are as follows. During the heating process in the experiment, it was difficult to maintain the sensor position and heat loss. In the MW heating process, it was difficult to measure the temperature of the sample in real time using the optical fiber sensor. The small movement or change in position of the probe in the sample might significantly change the measured temperature, and the steam produced in the MW cavity also affected the measuring accuracy of the sensor. The difference between the final temperature and the measured value in the model could also reflect the accuracy of the simulation results. Table 2 shows that in addition to other locations outside Sp4, the final temperature difference of the samples was small (less than 4.04°C), whereas the sample temperature at Sp4 was 10.69°C. This result is consistent with the above conclusions. The primary reason for the large temperature difference in the Sp4 may be the lack of consideration of the change in moisture content in the model. 
Simulation results of the temperature distribution at different time space
Transient temperature increasing rate in the center of the simulated sample
The simulation results in Figure 7 show that the temperature increase at the center of the sample was different in the initial stage of MW heating. Position Sp4 had the minimal heating rate (0.96 ∘ −1 ), and position Sp2 had the maximal heating rate (2.4 ∘ −1 ); therefore, the difference was 1.52 ∘ −1 . After the simulation of 30-90 s of MW heating, the heating trend at positions Sp1, Sp2 and Sp5 basically maintained, but the heating rate at Sp3 and Sp4 after heating 60 s increased. Thus, the heating effect of the central part of the two samples is improved in the later stage of MW heating. The heating rate was low during the entire heating process. The temperature rising trend of Sp4 after 70 s of heating was consistent with that of positions Sp1, Sp2 and Sp5, and the difference was insignificant. 
Conclusions
A partially coupled electromagnetic and heat transfer model was developed to simulate the rotation of a multicomponent meal of six chicken nuggets and two Chinese steamed bread on the turntable at a single frequency of 2.45 GHz. By setting the translational motion displacement of the turntable and samples on the x and y axes, the effect of the rotational speed on the temperature prediction was studied, and 7.5 rpm was considered the best rotation speed. The simulated spatial temperature profile was consistent with the experimental spatial temperature profile. The root mean square error values were 1.30-2.86°C in chicken nuggets and 1.56°C and 7.68°C in Chinese steamed bread. The predicted and experimental temperature profiles were provided to assess the food safety of chicken nuggets and Chinese steamed bread cooked by MW heating. The model can be used by food product developers to identify cold spot locations and optimize the food composition and package design to achieve more uniform heating. The model can provide a useful method and prediction in assisting the design of MW cavities to achieve more uniform electromagnetic distributions in the cavity.
